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Etheostoma kantuckeense and E. lawrencei are former members of the wide
ranging E. spectabile species complex. Etheostoma kantuckeense is endemic to the
Barren River Basin in Southern Kentucky and Northern Tennessee, while E. lawrencei
occurs in the Green River, Salt River, and Cumberland River Basins of Central and
Eastern Kentucky. Isolation of populations within these drainages has allowed for a
relatively recent evolutionary divergence, leading to slight differences in morphology.
This study was conducted to address if geographical isolation has led to measurable
differences in the ecology of these two species. In particular, habitat preference across
three spatial scales and growth rates were examined. To assess stream preference within a
drainage, 59 streams were sampled for fish abundance and environmental parameters in
the Upper Barren River Basin (E. kantuckeense; N=24) and the Upper Green River Basin
(E. lawrencei; N=35). Channel unit preference and growth rates were compared in two
physically similar upland streams, which were sampled monthly from August 2007
through August 2008. Surveys for microhabitat preference were conducted in these same
streams in November 2008. Results from a canonical correspondence analysis show that
both species occupy equivalent stream types in their respective watersheds. Within the
two survey streams, run habitat was preferred over riffle and pool habitats over the course
of the year, and both species exhibited similar seasonal habitat shifts. Microhabitat
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associations for both species were predominately for small to coarse gravel (1–40mm
diameter) substrates. In addition, growth of individuals in their first year of life was
similar for both species. These results suggest that these species maintain similar
ecological traits in their respective watersheds. The retention of these headwater adapted
traits in disjunct populations likely promoted vicariant allopatric speciation in these fishes
through isolation and the inability to disperse across ecological barriers.

x

Introduction

Vicariant Allopatric Speciation
Allopatric speciation is the process by which one contiguous population becomes
partitioned into two geographically separated units, allowing for a gradual genetic
differentiation until novel species form(Allmon, 1992). This process could occur either at
the periphery of the range of the parent species or though the isolation of multiple
populations throughout the range of the species (i.e., vicariant allopatric speciation, Mayr,
1982; Wiley 1981). Genetic differences may accumulate due to genetic drift, selection
under different environmental conditions, or sexual selection. For fish species, recent
research suggests that allopatric speciation takes a longer time to create significant
differences between species than sympatric speciation (e.g. African cichlid species
flocks: McCune and Lovejoy, 1998). However, studies examining various species of
logperch (Family: Percidae, Genus: Percina) indicate that allopatric speciation can be
very rapid and produce differences in a relatively short time (Near and Benard, 2004).
A recent evolutionary debate is the effect niche evolution has on allopatric
speciation. An ecological niche is the n-dimensional set of abiotic and biotic factors that
influence a species’ ability to persist through time (Hutchinson, 1957). A traditional view
of allopatric speciation is that most genetic divergence occurred between populations
because one or both demes underwent an ecological shift, which allowed different
selection pressures to drive speciation (ecological speciation, Orr and Smith, 1998). The
end result of this mode of speciation would be two closely related organisms occupying
different niches. A difference in niches may be common for peripheral or dispersal-based
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cases of allopatric speciation, but in vicariant allopatric speciation the retention of the
ancestral niche may play a significant role in aiding the process (Peterson et al., 1999).
Retaining the ancestral ecological parameters in closely related species is known as
phlyogenetic niche conservatism (Weins and Graham, 2005).
The importance of similarity between geographically separated populations in
forming new species may seem counter-intuitive until one examines more closely how
niche conservatism may promote isolation and speciation. Weins (2004) argued that
niche conservatism can promote lineage splitting, which is the first critical step in
allopatric speciation. The inability of a population to alter its ecological niche allows for
isolation of populations when they are separated by unsuitable ecological conditions,
whether abiotic, biotic, or both (Weins, 2004). Therefore, dispersal across unsuitable
habitats is prohibited and, given enough time, differences accumulate resulting in novel
species (Weins, 2004). For fish species adapted to headwater streams, the inability to
adapt and persist in downstream reaches may isolate populations in upstream sections of
the drainage that can be significantly separated from one another. In summation,
allopatric speciation could occur either through ecological methods (niche evolution) or
through non-ecological methods (genetic drift, founder effects, alternative advantageous
alleles) and thusly maintained by niche conservatism (Schluter, 1996; Peterson et al.,
1999).
Niche conservatism can be promoted through four processes when populations are
separated by unfavorable ecological conditions: lack of variability, natural selection,
pleitropy, and gene flow (Weins, 2004). Lack of variability in traits promoting dispersal
across the ecological barrier would prevent dispersal, isolating populations (Case and
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Taper, 2000). Natural selection may also promote retention of the ancestral niche through
processes such as behavioral habitat selection. When the fitness of individuals in habitats
outside of the ancestral niche decrease (e.g. through predation, competition, or abiotic
factors), natural selection will maintain the ancestral behavioral habitat choice (Weins,
2004). It is also possible that pleitropy may limit the ability for ecological traits to rapidly
change, again preventing dispersal traits to develop. Jenkins and Hoffman (1999) found
that an increase in cold resistance in Drosophilia serrata caused a decrease in fecundity,
representing a fitness tradeoff if individuals migrated across a temperature barrier. Gene
flow within the range of a species can also limit its ability to adapt to ecological barrier
conditions. Specifically, gene flow from the center of a species’ range to its periphery
may limit populations on the periphery from expanding into the ecological barrier by
maintaining alleles adapted for conditions in the center of the range (Case and Taper,
2000; Weins, 2004). Through a combination of these methods niche conservatism may
help limit gene flow between populations, allowing for vicariant allopatric speciation and
the maintenance of distinct geographic taxa.

Darters and the Etheostoma spectabile species complex
Darters (Family: Percidae; Genus: Etheostoma and Percina) are ideal organisms
for the study of vicariant allopatric speciation. Etheostoma is the most diverse freshwater
fish genus in North America (Etnier and Starnes, 1993). Body size and ecological
specialization may have contributed to the large number of species. A smaller body size
allows for an increase in “patchiness” of a stream, which allows for more opportunities
for specialization. Habitat ranges for the genus cover almost all types of habitats found in
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stream and reservoir systems, except for pelagic conditions in lakes. Darters do not
undergo random spawning, however, which is found in larger percids. Alternatively, they
have preferential spawning habitat and in some species parental care of eggs (Etnier and
Starnes, 1993). This selectivity in spawning promotes specialization, even if they are
generalists in their other life history traits (e.g. diet, channel unit preference). Sexual
selection may play a more important role in reproductive isolation following allopatric
speciation than hybrid inviability, suggesting the importance of female choice in creating
the observed high diversity (Mendelson, 2003).
Etheostoma spectabile was determined recently via genetic and morphological
analysis to be a species complex that arose likely through vicariant allopatric speciation.
All species are included within the subgenus Oligocephalus and characterized by the first
dorsal fin with an outer blue marginal band and a more basal red band, an incomplete
lateral line, the presence of prevomerine and palatine teeth, and various pore and ray
counts (Page, 1981; Page 1983). Some other characters that are common to all members
of the E. spectabile species complex include breeding males with a blue anal fin (lacks
red pigment) and alternating blue/black and red vertical stripes that are more prominent
towards the posterior (Etnier and Starnes, 1993; Page, 1983). Caes and Page (1997)
performed morphological and genetic analysis on these fish and determined that there
were 14 distinct populations, eight of which have been elevated to species status. Two
species that are within close proximity with each other are E. kantuckeense (found in the
Upper Barren River Basin) and E. lawrencei (found in the Upper Green, Salt, and
Cumberland River Basins) (Caes and Page, 1997; Caes and Burr, 2002). Breeding males
of E. kantuckeense have a powder blue belly (fig 1), while breeding males of E.
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lawrencei have an orange or red-orange belly (fig 2) (Caes, 1997). Other morphological
differences include scale counts and internal anatomy (Caes, 1997). Both species are
located in tributaries in the upper reaches of their respective basins. Presumably, the main
stem and larger streams of the Barren and Green River systems represent ecological
barriers that have prevented gene flow between populations in these drainages allowing
for vicariant allopatric speciation. Genetically these species are similar, and a recent
phylogeny of subgenus Oligocephalus showed that E. kantuckeense and E. lawrencei are
sister species (fig. 3; Lang and Mayden, 2007).

Causes of morphological variation
Genetic differences between closely related allopatric species often produce
morphological changes, as has occurred in the former E. spectabile species complex.
When examining whether allopatric speciation occurred through niche evolution or
through niche conservatism, ecomorphology can be useful in examining these changes.
Ecomorphology combines form and function, stating that a species’ morphology will
closely match the function they need to perform to exist within their ecological niche
(Karr and James, 1975; Bock, 1994). If speciation occurred through niche evolution,
which can be defined as the use of a new abiotic or biotic resource, then the observed
morphological changes will match the new function needed to maximally exploit the new
resource.
There are many observed instances of morphological change induced by resource
switching in fishes, which has produced sister-specific and intraspecific variation.
Allopatric speciation in three-spined sticklebacks (Gasterosteus aculeatus) that inhabit
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glacial lakes in Canada appears to represent ecological speciation (i.e. resource
switching) (Schluter, 1996). Within isolated glacial lakes, stickleback species are found
to have two different morphologies, a benthic form adapted for feeding on organisms
associated with the lake bottom (shorter gill rakers) and a limnetic form adapted for
feeding on organisms in the water column (longer gill rakers: Schluter and McPhail,
1992). Species radiation in these lakes likely occurred through allopatric means following
a dispersal of a marine form into the lakes, leading to a resource shift and isolation
caused by the lowering of ocean levels (Schluter and McPhail, 1992). Similar
morphological differences have been found intraspecifically in a population of
pumpkinseed (Lepomis gibbosus) in a pelagic habitat (Robinson et al, 1996). The
pumpkinseed population represents divergent selection where extremes have an increased
fitness over median individuals, and may represent a model population for the initial
stages of sympatric speciation.
Speciation produced by genetic drift or sexual selection would also produce
variation in morphological traits, yet these traits would not be tied to the resources being
exploited, as in the case of ecological speciation. The majority of Etheostoma species
exhibit sexual dimorphism, which is a good indicator for sexual selection (Andersson,
1994). Sexual selection could produce breeding male variants in closely related species
and may be responsible for producing the differences seen in the breeding males of E.
kantuckeense and E. lawrencei. Variation produced by genetic drift in Etheostoma can be
inferred in variation of traits that are not directly tied to sexual selection or resource use.
Variation in egg and clutch size has been found in three geographically isolated
populations of E. zonale, which could be a result of genetic drift (Guill and Hines, 1996).
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Variation was found between distinct populations of Notropis rafinesquei for growth,
clutch size, and ova diameter, which again could be caused by genetic drift or genetic
plasticity with environmental impacts (Haag et al., 2007).

Stream habitats
In order to determine if ecological speciation has occurred and morphological
changes reflect available resources, it is important to understand how those resources
influence fish communities. Streams represent a continuum of habitat segments that are
connected longitudinally with each other and laterally with the terrestrial habitat, leading
to a predictable pattern of energy flow downstream (Vannote et al., 1980). Stream
segments are highly variable laterally and longitudinally, and the resources they contain
are patchily distributed (Taylor and Warren, 2001; Townsend, 1989; Pringle et al. 1988;
Ward, 1998). Components of a stream habitat are determined mostly by channel
morphology and flow, and usually contain a repeatable sequence of channel units that
vary longitudinally with stream width (Bisson et al., 2006). The habitat of a stream is also
dependant upon the terrestrial drainage basin and the influx of alluvium and nutrients
(Schlosser, 1991).
Fish populations are correlated with available habitat, and different life history
stages will have different habitat requirements (Schlosser, 1991). Because available
habitat and resources are a function of both local and regional influences, community
composition is also dictated by local and regional processes (Ricklefs, 1987). Species
present in a stream are also constrained by historical phylogeography, dispersal, isolation,
and recolonization rates.
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Purpose and Hypotheses
The purpose of this study was to determine the variation in the ecology and life
history traits of Etheostoma kantuckeense and E. lawrencei. By analyzing habit
preference and associations, one can infer if niche conservatism or if niche evolution
processes have aided speciation. Analysis of life history traits that are not tied entirely to
resource use can be used to assess the extent to which genetic drift may be responsible for
observed differences between the species. To determine if ecological or non-ecological
speciation has occurred, habitat preferences were compared between E. kantuckeense and
E. lawrencei across three spatial scales. The first scale compared habitat preference
within a watershed (i.e. compare the streams within a basin where each species is most
abundant). The next scale compared habitat preference within a stream reach (i.e.
compare channel units within a section of stream where each species is most abundant).
The third scale compared microhabitat preference (i.e. compare specific microhabitat
associations between the species). Finally, growth was compared to determine if genetic
drift has produced variation in life history traits not entirely correlated with habitat.
According to the ecomorphological model (Karr and James, 1975), ecological
speciation should result in morphological changes that maximally exploit a new resource.
Because observed morphological differences between E. kantuckeense and E. lawrencei
involve sexually dimorphic characters, in addition to various characters that do not
appear to significantly impact function within a stream habitat, it is likely that habitat
preference will be retained in these species. Therefore, non-ecological speciation
promoted through niche conservatism is hypothesized to have occurred.
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Figure 1. Etheostoma kantuckeense breeding male with light powder-blue belly.

Figure 2. Etheostoma lawrencei breeding male with yellow-orange belly.
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Figure 3. Phylogenetic tree of various groups within Etheostoma, showing that E. kantuckeense and E.
lawrencei are sister species. From Lang and Mayden (2007).

Watershed Scale

Introduction
Fish species assemblages within a watershed are mostly determined by two
distinct processes: the location of the stream being sampled within the upstreamdownstream longitudinal gradient and the spatial arrangement of the stream within the
dendritic stream network (Grenouillet et al., 2004).
The longitudinal shift in species within stream networks is a well studied
phenomenon. As physical and chemical gradients change along the upstream-downstream
gradient, the composition and number of fish species change as well (Matthews, 1986).
There is a longitudinal trend of greater species richness for downstream sections of a
stream network when compared with upstream sections of the same network (Matthews,
1986). As stream size increases, species additions tend to outnumber species
replacements, leading to the greater species richness (Matthews, 1998). One hypothesis to
explain this trend is that as habitat area increases, the number of unique habitat patches of
different habitat and food resources will increase, allowing a larger number of niches to
be exploited, increasing species richness (Williams, 1964). Another hypothesis states that
as the sampling area increases, the number of individuals sampled will also increase, and
the available pool of species will be sampled more completely (Angermeier and
Schlosser, 1989). Other hypotheses to explain this phenomenon are changes in habitat
structure and complexity (Gorman and Karr, 1978) and changes in biotic interactions
(Matthews et al, 1987). It is likely that the explanation for this observed trend is a
combination of all of these hypotheses.

13

14
Stream location within the watershed can also determine species richness and
composition. Mouths of tributaries entering larger streams generally contain a higher
species richness than the tributary or the larger stream alone (Fausch et al., 1984). This is
likely due to the presence of species at the confluence that are adapted for either the
smaller or larger stream, but are replaced or lost in the other stream. However, this effect
may only be important for downstream confluences within a network (4th to 7th order
streams) (Grenouillet et al., 2004). Stream spatial structure within a drainage can also
impact local species richness, likely through recolonization effects from close streams of
similar size (Osborne and Wiley, 1992). Conversely, as streams become more isolated
from similar size streams, there is less opportunity for recolonization following
disturbance events, which over time will lead to a lower number of species.
The factors influencing species distributions may change longitudinally within a
stream network as well. Abiotic factors may be of more importance in structuring
communities in headwater streams, while biotic factors may be more important for
structuring communities in downstream reaches (Ostrand and Wilde, 2002; Power et al.,
1988). Headwater reaches experience more environmental disturbances because of an
increase in the effects of drought and flood events (Matthews and Styron, 1981). Because
of these conditions, headwater reaches are generally inhabited by two different types of
species. The first type of species are those that are physiologically tolerant of variable
conditions and capable of surviving disturbances (Rahel and Hubert, 1991). The second
type of species are those that are able to successfully recolonize headwater reaches
following extirpations (Lohr and Fausch, 1997). Environmental variability decreases in
downstream reaches (which may also contribute to the higher species richness). In
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addition, the larger number of species present increases the number and effects of biotic
interactions, which influence fish community structure (Lohr and Fausch, 1997).
The purpose of this section of the study was to determine if Etheostoma kantuckeense and
Etheostoma lawrencei occupy similar streams within their respective watersheds. Similar
streams were classified by variables that take into account longitudinal position
(discharge, watershed area, etc.), water chemistry (ammonia, nitrate, etc.), and stream
habitat structure (channel units and substrate). I hypothesized that E. kantuckeense and E.
lawrencei would occupy similar streams within their respective watersheds because of
the similarity in morphology and life history traits between the two species.

Study Area
Twenty-four streams within the Upper Barren River Basin and thirty-five streams
within the Upper Green River Basin were selected for sampling. All study sites were
upstream of the confluence of the Barren and Green Rivers, and downstream of the
impoundments in the respective drainages (Figures 4-6).
There were two type IV ecosystems sampled in the Upper Barren River Basin.
The majority of the sites (19) were located in the Eastern Highland Rim. Limestone,
chert, and shale dominate the geology of this region, and most small to mid order streams
contain gravel interspersed with bedrock (Etnier and Starnes, 1993). There is moderate to
low primary productivity for streams, with low numbers of aquatic vegetation, except
near spring heads (Etnier and Starnes, 1993). The terrain of the Eastern Highland Rim is
moderately rugged with rolling hills, bluffs, and plains, and stream gradients are
moderate with riffles consisting of gravel, bedrock, and cobble (Woods et al., 2002).
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Downstream of the Eastern Highland Rim in the Barren River system is the Western
Pennyroyal Karst Plain (N=5 for sampled sites). This region is mostly composed of
limestone, and underground caves and streams are quite common. In addition, sinkholes,
springs, and dry channels are common in the area. Above ground stream density is lower
than in the Eastern Highland Rim, and many streams have sections with sub-surface flow.
The terrain is less varied and agriculture is more prominent (Woods et al., 2002).
Study sites within the Upper Green River Basin drained two different type IV
ecosystems. The most prevalent ecoregion within the study sites was the Eastern
Highland Rim (N=33), and the other ecoregion sampled was the Crawford-Mammoth
Cave Uplands (N=2). The Crawford-Mammoth Cave Uplands are slightly more rugged
than the Western Pennroyal Karst Plain, and contain some sandstone cliffs, and steep
valleys. The primary rock is still limestone, and karst is very prevalent (Woods et al.,
2002). A comprehensive list of the sample streams and locality data is presented in
Appendix 1.

Methods
Surveys conducted in the Upper Green River Basin were conducted from 20012003. There were thirty-five streams sampled in six sub-basins: Lynn Camp Creek (2),
Little Russell Creek (1), Big Brush Creek (7), Big Pitman Creek (8), Little Barren River
(8), and Russell Creek (9). All sites in the Upper Green River Basin were sampled twice
and mean fish abundance was determined between the two sampling events. (Fig. 4 and
Fig. 6)
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Surveys conducted in the Upper Barren River Basin were conducted in 2007.
There were twenty-four streams sampled in four sub-basins: Drakes Creek (18), Bays
Fork (4), Little Difficult Creek (1), and Buck Creek (1). All sites were sampled once
during summer 2007 (June-August). (Fig. 4 and Fig. 5)
Fish collections were performed using the same methods for the two drainages.
Fish were sampled at each stream by seine and by backpack electroshocker. The streams
were seined for 30-60 minutes with a 3.05m * 1.83m seine with a 0.48cm mesh size.
Stream segments were also sampled for 900 shocking seconds using a Smith-Root
backpack electroshocker (Vancouver, WA, USA), targeting visible fish habitats including
riffles, runs, wadeable pools, root wads, undercut banks, and large woody debris. Fish
were kept in buckets for identification and were released after processing. Fish that were
difficult to identify in the field were preserved in 10% formalin and brought back to the
lab for identification.
Environmental variables that were collected were watershed area, latitude, water
temperature (°C), pH (S.U.), turbidity (NTU), dissolved oxygen (mg/L), conductivity
(µs/cm), mean stream width (m), mean water depth (cm), mean water velocity (m/s),
discharge (m3/s), percent pool, riffle, and run in the segment studied, percent substrate
(Wentworth scale), nitrate (mg/L), sulfate (mg/L), total phosphorous (mg/L),
orthophosphate (mg/L), ammonia (mg/L), and chlorine (mg/L).
Watershed area was determined using an online USGS tool (USGS, 2004, 2007)
for the 59 survey sites, and included the entire watershed area above the sample reach.
Longitude and latitude were determined at the stream segment using a handheld GPS
unit. Water chemistry variables (nitrate, sulfate, total phosphorous, orthophosphate,
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ammonia, and chlorine) followed standard methods (AHPA et al., 1998). All water
chemistry samples were collected during summer conditions (May-August). Water
chemistry parameters that were below the detection limit (DL) were treated as DL/2 prior
to analysis (Helsel, 1990).
Stream hydrology parameters were measured during baseflow conditions. Six
transects were spaced at an equal distance along the sampled reach. Width was measured
with a 50m measuring tape at each transect. Along each transect, five equidistant points
were chosen for measurements, where depth, and water velocity were measured with a
Marsh-McBirney Flo-Mate Model 2000 Portable Flowmeter (Frederick, MD, USA).
Dominant substrate was determined within a 1 m radius of each point along the transect
using the Wentworth scale (Cummins,1962).
Parameters that tend to vary daily and seasonally were measured over multiple
months to obtain a mean. Water temperature, dissolved oxygen, pH, conductivity, and
turbidity were measured using a Hydrolab Quanta (Loveland, CO, USA). Sampling trips
were arranged in a manner to allow an equal number of morning and afternoon samples
in the mean.
Prior to statistical analysis, all continuous data was log(x+1) transformed and all
proportional data was arcsin((x)) transformed. Rare fish species were defined as
occurring in less than 5% of the survey streams (<3 streams) and were excluded from
analysis.
A canonical correspondence analysis was performed to determine the influence of
the environmental matrix (25 variables) on the variation of the fish species matrix (58
species) using Canoco. To determine which environmental variables explained most of
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the variation seen in the fish matrix and to remove redundant environmental variables, a
forward selection process based on significance values was performed using Monte Carlo
permutations (999). Environmental variables with a significance value of <0.05 were
retained (10 out of 28), while redundant variables were removed. Another CCA was
subsequently performed using these ten variables to determine their relative influences on
the variation in fish species between sites.

Results
The ten significant environmental variables from the forward selection process
were: soluble reactive phosphorous, nitrate, ammonia, mean width, mean depth, mean
discharge, watershed area, percent pool, and latitude. These variables explained most of
the variation in the fish species and were not highly redundant with each other (a
situation where two or more of the variables used explain the same variation). Axis 1 was
the most important axis produced during the analysis, explaining 24% of the variation in
the species data (table 1). The correlations between the environmental variables and this
axis are presented in table 2. A bi-plot containing fish species and the four most
important environmental variables along CCA axis 1 is presented in figure 7.

Discussion
Watershed area, mean velocity, and mean discharge all load in a similar direction
on the bi-plot, while latitude loads in a direction that is roughly perpendicular to these
variables (Figure 7). Watershed area, mean velocity, and mean discharge produce a
stream size axis within the bi-plot, because all of these variables increase as stream size
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increases. Therefore, the two major influences along axis 1, which accounts for the most
variation in the analysis, are a stream size axis and a river basin axis (latitude).
Etheostoma kantuckeense and E. lawrencei are separated along the river basin axis, but
occupy equivalent positions along the stream size axis. A similar trend is seen for E.
barrenense and E. rafinesquei, although slightly downstream along the stream size
gradient. These two species are in a similar situation to E. kantuckeense and E. lawrencei,
because they are sister species within the previous snubnose darter complex and are also
endemic to their respective watersheds.
Because they are in equivalent positions along the stream size axis, E.
kantuckeense and E. lawrencei both occupy low order, headwater streams within their
respective watersheds. Other species that are limited to similar size streams within these
watersheds include: Phoxinus erythrogaster, Semotilus atromaculatus, E. flabellare, and
E. squamiceps. Therefore, stream preference within a watershed is very similar for E.
kantuckeense and E. lawrencei, supporting the hypothesis that habitat preference will be
conserved in these species for this scale of analysis.
Both species are confined to headwater reaches, where abiotic factors may
influence population dynamics more than biotic factors. It is unknown if these species are
“survivors” (physiologically tolerant) or “colonizers” (able to recolonize following
extirpation). Feminella and Matthews (1984) found that populations of E. spectabile in
thermally variable environments had a higher mean critical thermal maximum (heat death
temperature) than populations in more stable environments. These results could imply
that these species are “survivors” and able to adapt to physiologically variable conditions,
although further study is probably needed. In addition, these results support the niche
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conservatism model of vicariant allopatric speciation for these species. By being isolated
within these headwater streams, individual populations will have limited gene flow
allowing genetic differences to accumulate.
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Figure 4. Map of Kentucky showing hydrologic unit code 8 watershed boundaries. Watersheds that were
sampled in the study are highlighted.
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Figure 5. Map of the Upper Barren River study sites showing sub-basins and ecoregions.

24

Figure 6. Map of the Upper Green River Basin study sites showing sub-basins and ecoregions
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Table 1. Eigenvalues, species-environment correlations, and cumulative %
variance explained within the species data set for the first three axes produced by
the CCA.

CCA Axis
Eigenvalues
Species-Environment Correlations
Cumulative % variance of species data

1

2

3

0.257
0.928
24.3


0.085
0.896
32.3


0.032
0.871
35.3


Table 2. CCA axis 1 correlations and inflation factors for the ten environmental
variables retained by a forward selection process with Mote Carlo permutations.
The highlighted variables had the highest loadings on axis 1 and the most influence
on the fish species data set.

Variable
SRP
Mean width
Mean depth
Mean velocity
Mean Q
NH4N
NO3N
Watershed area
Latitude
% pool

Species Axis I
-0.271
-0.382
-0.063
-0.655
-0.545
-0.358
0.451
-0.774
-0.602
0.159

Inflation Factor
1.234
4.242
2.432
4.933
4.615
1.605
1.895
4.005
3.265
1.193
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Figure 7. CCA bi-plot ordination with fish species and the four most important
environmental variables along CCA axis 1. Two major axes are present: stream size
(including discharge, w. velocity, and watershed area) and drainage (latitude; Upper
Green loads positive, while Upper Barren loads negative). Fish species codes are
presented in Appendix 2.

Reach Scale

Introduction
Within an alluvial stream segment habitats can be categorized into a repeatable
series of hydrologic units that vary depending upon the gradient and geomorphology of
the fluvial network (Bisson et al., 2006). In particular, channel units are determined
mainly by flow and substrate roughness characteristics and comprise a stream reach
consisting of these repeatable units. Pool-riffle reaches are spatially heterogeneous,
especially during low flow conditions (Buffington and Montgomery, 1999). These
reaches have a low to moderate gradient (1-2%) and often contain a predictable pattern of
pools, riffles, and runs (Bisson et al., 2006). Pools have the least flow and least substrate
roughness with an increased fine sediment deposition. Runs and riffles have faster flow,
but riffles tend to have increased substrate roughness and shallower depth. When channel
units are within close proximity to one another, which is the case for small streams, they
provide a habitat choice for mobile fauna such as fish (Hawkins et al., 1993).
Fish species will preferentially use different channel units depending upon their
ecological niche (Schlosser, 1982). Habitat requirements vary depending upon the size
and age of the fish as well as seasonally within year-classes (Schlosser, 1991). Channel
units have been shown to be good predictors of fish species composition and therefore a
useful categorization of stream reach habitats (Peterson and Rabeni, 2001).
There are many different factors that influence the optimal habitat for a fish
species within a reach during a certain season. Three of the most important factors are
predator avoidance, energy maximization for growth, and life history requirements (e.g.
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breeding substrate). Predator avoidance is achieved mainly through water depth
andhabitat preference depends on the body size of the fish (Power, 1987). Larger fish are
more vulnerable to terrestrial and avian predators in shallow water, while smaller fish
(e.g. darters) are more vulnerable to aquatic predators in deep water (Harvey and Stewart,
1991). Habitat preference should also maximize the amount of energy used for growth.
Habitats with a faster current have an associated energy loss for organisms in order to
maintain their position (Facey and Grossman, 1990). Faster current channel units (e.g.
riffles), however, have a higher dissolved oxygen content and generally a more abundant
macroinvertebrate fauna (Huryn and Wallace, 1987; Stazner and Higler, 1986).
Therefore, a balance must be maintained between exploiting food resources and
expending energy for species exploiting these habitats. Many benthic fish (e.g. darters
and sculpins) have morphologies to reduce drag and energy loss in fast current (Pflieger,
1997).
Seasonal shifts in channel unit use are also common for species within a stream
reach. During colder months, many species shift to deeper, slower moving habitats to
possibly conserve energy (Peterson and Rabeni, 2001). A stream-dwelling, drift-feeding
fish in New Zealand, the giant kokopu (Galaxias argenteus) exhibits this trend of
occupying slow, deep habitats in winter and shallow, fast habitats in summer (David and
Closs, 2003). Other seasonal shifts could be for specific substrates rather than channel
units. Brown trout (Salmo trutta) select small substrates in warmer months and larger,
cobble substrates in cooler months where they occupy interstitial spaces (Maki-Petäys et
al., 1997). Species that use specific breeding substrate will often shift onto this substrate
only for the duration of spawning (Page, 1983).
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Spawning seasons for E. kantuckeense and E. lawrencei lasts from mid-March to
May (Etnier and Starnes, 1993; Simon and Wallus, 2006). The onset of spawning varies
latitudinally and considerably among members of the E. spectabile species complex, with
Texas species initiating spawning season in November and more eastern species initiating
spawning season in February-April (Hubbs, 1985). Descriptions for spawning were
conducted prior to the splitting of the species complex and may represent different
species than E. kantuckeense and E. lawrencei, although presumably variation in the
actual spawning methods is minimal throughout the former species complex members.
During spawning events, males were observed to defend territories on riffles from other
males. Receptive females would move adjacent to the riffle and burrow into the substrate,
which was followed by spawning and the burial of eggs (3 to 7 per event) (Winn, 1958).
After spawning, both sexes were observed to leave the site (Pyron, 1995).
The purpose of this portion of the project was to analyze channel unit preference
within a stream reach for E. kantuckeense and E. lawrencei for riffles, runs, and pools,
both within and across seasons. Because the morphological differences between species
do not represent a resource shift, I hypothesized that there would be no significant
between-species difference in channel unit preference or seasonal shifts.

Study Area
Two upland streams were selected for this study, one each in the Upper Barren
River and Upper Green River Basins (Figs. 8–9). Buck Creek is located in the former
basin and was selected because summer sampling efforts revealed a robust population of
E. kantuckeense. Butlers Fork is located in the latter basin and similarly supports a large

30
population of E. lawrencei. Etheostoma kantuckeense and E. lawrencei were easily the
dominant darter species obtained, comprising 31% and 25% of the total catch in Buck
Creek and Butlers Fork, respectively.
Both streams are located in the Eastern Highland Rim Level-IV Ecoregion
(Woods et al., 2002). Upland streams in this region are typically of moderate gradient and
the main underlying bedrock is limestone and sandstone. Both streams drain a small
watershed and exhibit similar water chemistry, geomorphic, and hydrologic features
(Table 3). Both streams exhibited a pool/riffle/run channel unit progression, with
bedrock-lined runs and gravel-cobble riffles. During baseflow conditions Buck Creek
was characterized by near-equal proportions of each habitat. Butlers Fork was comprised
of 20% pool, 30% riffle, and 50 % run habitats. During summer baseflow conditions,
flow in both streams consisted of only isolated pools.

Methods
The two study streams were surveyed monthly for 10 months over a 12 month
period (September 2007–March 2008 and June 2008–August 2008) to compare betweenspecies channel unit preference and seasonal habitat shifts. Surveys were not completed
in April and May of 2008 because of sampling equipment problems.
Habitats were defined as riffle, run, and pool for the stream segment scale study.
Riffles were defined as sections of the stream with faster current, with the surface water
being broken. Runs were defined as sections of the stream with maintained flow,
relatively uniform depth, and surface water not being broken. Pools were defined as
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sections of the stream where flow was non-existent or minimal, with greater water depth
and increased deposition of fine particles.
Each channel unit present was shocked for 180 shocking seconds using an ETSelectrofishing backpack electroshocker (Badger Unit, Madison, WI, USA) (September–
March) and a Smith-Root backpack electroshocker (Vancouver, WA, USA) (June–
August). During baseflow conditions the only channel units sampled were pools and
occasionally runs. Etheostoma kantuckeense and E. lawrencei were kept, enumerated,
and released.
Habitat features for each surveyed channel unit were quantified. Water depth (cm)
and water velocity (m/s) were measured at five equidistant points along a transect
established perpendicular to flow. The dominant substrate was visually estimated also
across the transect using the Wentworth scale (Cummins, 1962). Embeddedness was
visually estimated as a percentage with bedrock set at 100%.
A one way ANOVA was performed to test for significant differences among
channel units based on hydrologic conditions (water depth and velocity) during only
those months when all three channel units were present (October–March and June). To
test for seasonal habitat shifts, sampled months were aggregated into similar seasons
based on climatic and stream flow conditions. Five categories were created, early summer
(June), late summer (July–September), fall (October–November), winter (December–
February), and spring (March).
A Pearson Chi-square Goodness of Fit test was performed for all categories which
contained all three channel units (October–March and June) to test for significance of
channel unit abundances per seasonal category. Overall channel unit preference for the
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year was tested by performing a Pearson Chi-square Goodness of Fit test on the sum of
the channel unit abundances of all months containing all three unit types (October-March
and June). The null hypothesis for all chi-squared tests assumed equal distribution for all
categories. The ANOVA and Pearson Chi-square analyses were performed using
SYSTAT 11.0.

Results
Although Butlers Fork possessed shallower pools, mean current velocity was
higher in both pools and runs resulting in greater discharge values (Table 3). The oneway ANOVA for depth showed a significant difference between channel units for each
stream (Buck Creek: F-ratio = 118.1, r2 = 0.71, p < 0.001; Butlers Fork: F-ratio = 39.4, r2
= 0.44, p < 0.001). The one-way ANOVA for velocity similarly revealed significant
between-channel unit differences (Buck Creek: F-ratio = 35.6, r2 = 0.42, p < 0.001;
Butlers Fork: F-ratio = 7.5, r2 = 0.13, p = 0.001).
Throughout the study period both species preferred run habitats when all three
channel units were available. Etheostoma kantuckeense preferred run habitat over riffle
and pool habitats during both fall and winter. There was no channel unit preference for E.
kantuckeense during spring and early summer. Etheostoma lawrencei similarly preferred
run habitat over pool and riffle habitats during autumn, winter and spring. Etheostoma
lawrencei did not exhibit a channel unit preference during early summer (Table 4,
Figures 10–15).
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Discussion
Both Etheostoma kantuckeense than E. lawrencei typically favored run habitat
over either pools or riffles. This is consistent with the life history study by Etnier and
Starnes (1993), showing that E. spectabile preferred gravel-bottomed runs and pools. Run
habitats may be selected because pool habitats likely contain larger predators (e.g.,
Lepomis megalotis, Semotilus atromaculatus) while riffle habitats would require greater
energy expenditure due to the faster current.
Seasonally, Etheostoma kantuckeense preferred run conditions except during
spring and early summer. Their greatest affinity for riffles occurred during March, which
coincides with the start of their breeding season. Females were observed to be gravid for
both species during the March collections, indicating that they were entering the
spawning season. Presumably the affinity for riffles in March for E. kantuckeense
represents males moving onto the riffles for spawning. This same trend was not observed
for E. lawrencei, which still preferred run habitats during surveys in March. A possible
reason for this observation could be that males had yet to move onto the riffles for
spawning. This could indicate a possible difference in time of spawning for these two
species. Spawning is triggered by climactic cues, including water temperature and day
length (Hubbs, 1985). Hubbs (1985), comparing populations of the former E. spectabile
species complex in Arkansas vs. those in Missouri and Kentucky, found that there was a
latitudinal gradient in spawning initiation. Northern populations exhibited delayed
initiation compared to southern populations (February vs. March). Being a slightly more
northern population, E. lawrencei may experience slightly different cues than E.
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kantuckeense, leading potentially to a slight lag in their time of spawning. There were
very few individuals inhabiting riffle habitats during March.
Neither species showed a preference for channel units during early summer,
which may indicate a pre-emptive shift as some individuals move from run to pool
habitats during the onset of baseflow conditions as the shallower channel units (i.e., runs
and riffles) approaching bed dryness. By midsummer Butlers Fork was reduced to
standing pools and only a thin film remained in riffle and run habitat in Buck Creek.
Both species exhibited seasonal habitat shifts, preferentially using run habitat
during fall and winter. Males of E. kantuckeense and E. lawrencei shifted to riffles in
March and April, respectively, and then to pools in summer and early fall during
baseflow conditions. The difference observed in males utilizing riffles for spawning is
only for one population for each species, however, and may not represent a trend seen in
all populations for these species. Spawning is dictated by local stream conditions and
may differ within a watershed and annually depending upon climactic conditions.
Therefore, although these results suggest that there could be a difference in time of
spawning for these two species, more populations and multiple spawning events are
needed to determine if this conclusion is valid for both species as a whole.
Because both species preferentially chose run habitats when available, except during
spawning and baseflow conditions, there appears to be no difference between the species
in habitat preference for this scale of analysis. There was a slight difference in seasonal
habitat shifts, suggesting a difference in the onset of spawning season, yet because of the
variability involved with spawning, further analysis is needed. Hence, this study suggests
that these species have maintained similar channel unit preferences and seasonal habitat
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shifts within a stream after isolation and speciation. These results favor niche
conservatism for this scale of analysis.
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Figure 8. Map showing the location of Buck Creek (Drakes Creek sub-basin) within the Upper Barren
River Drainage.
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Figure 9. Map showing the location of Butlers Fork (Russell Creek sub-basin) within the Upper Green
River Drainage.
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Table 3. Comparison of hydrologic features across channel units in Buck
Creek and Butlers Fork. D = depth, V = velocity, and Q = discharge.

Channel unit
Stream

Mean D (cm)

Mean V (m/s)

Mean Q (m3/s)

Buck Creek
(22.6 km2)

Pool
Riffle
Run

34
8.2
11.9

0.03
0.35
0.11

0.11
0.2
0.15

Butlers Fork
(14.2 km2)

Pool
Riffle
Run

24.9
10.4
13.2

0.12
0.34
0.19

0.32
0.27
0.24

Table 4. Comparison of seasonal channel unit use exhibited by Etheostoma kantuckeense and E.
lawrencei. Values given include both relative abundance and relative proportion (in parentheses) per unit.
Values in bold represent significant between-habitat differences. * = Only channel unit present and no
statistical analyses performed.

Species

Season

E. kantuckeense

E. lawrencei

2 value d.f.

Pool

Riffle

Run

Total

p-value

Fall
Winter
Spring
Early summer
Late summer
Total

19 (22.1%)
19 (18.6%)
7 (31.8%)
5 (27.8%)
93 (90.3%)
50 (21.9%)

21 (24.4%)
10 (9.8%)
8 (36.4%)
3 (16.7%)
0
42 (18.4%)

46 (53.5%)
73 (71.6%)
7 (31.8%)
10 (55.6%)
10 (9.7%)
136 (59.7%)

86
102
22
18
103
228

15.8
88.3
0.9
4.3
*
71.5

2
2
2
2
*
2

< 0.001
< 0.001
0.96
0.12
*
<0.001

Fall
Winter
Spring
Early summer
Late summer
Total

24 (35.8%)
5 (16.7%)
3 (13.6%)
13 (46.4%)
59 (100%)
45 (30.6%)

12 (17.9%)
6 (20.0%)
2 (9.1%)
4 (14.3%)
0
24 (16.3%)

31 (46.3%)
19 (63.3%)
17 (77.3%)
11 (39.3%)
0
78 (53.1%)

67
30
22
28
59
147

8.3
12.2
19.2
4.8
*
30.2

2
2
2
2
*
2

0.016
0.002
< 0.001
0.091
*
<0.001
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Figures 10-21. Channel unit preferences for seasonal groupings.
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Microhabitat

Introduction
Because of their size in relation to channel units, many stream fishes exhibit a
preference for “sub-units” composed of various microhabitats instead of channel units
(Inoue and Nunokawa, 2002). Microhabitats can be patchily distributed within a channel
unit and the heterogeneity of these patches can influence fish population structure (Inoue
and Nanakawa, 2002). Fishes belonging to the same guild have been shown to segregate
within a stream reach based on microhabitat structure. The benthic-riffle guild (darters,
sculpins, etc.) segregates based on depth, current velocity, substrate particle size, and
substrate heterogeneity (Greenberg, 1991; Kessler and Thorp, 1993). Microhabitat
availability may be especially important in small, headwater streams. Such streams tend
to vary temporally and hydrologically, and fish appear to segregate based on physical
characteristics, such as microhabitats, instead of through biotic species interactions
(Schlosser and Toth, 1984).
Substrate availability is a key component for the distribution of many fishes of the
benthic-riffle guild (Hlohowskyj and Wissing, 1986). Substrate specificity on the
microhabitat scale is reflected in fish morphology and behavior, usually through aspects
of foraging (Kessler and Casper, 1995). For example, some species of darters have long
snouts for picking prey from underneath gravel (E. maculatum), while others have
mouths more suited for feeding off of the surface of flat rocks (E. blenniodes) (Page,
1983). Benthic invertebrates, which are the primary prey item for darters, also segregate
within a stream based on substrate (Pflieger, 1997; Erman and Erman, 1984).
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Etheostoma spectabile has been observed to feed on caddisflies, immature flies,
other macroinvertebrates, and fish eggs in Kansas (Cross, 1967). In addition, E.
spectabile in the Ozarks were observed to forage more actively in pools than riffles,
where chironomid larvae and water mites were preferred over caddisflies and mayflies,
suggesting geographical differences in prey preference within the species complex (Vogt,
1987). Etheostoma spectabile also foraged more actively in open gravel substrates than in
complex substrate patches, suggesting a negative relationship with substrate
heterogeneity (Vogt, 1987).
The purpose of this portion of the study was to determine if microscale substrate
preferences are similar in E. kantuckeense and E. lawrencei due to ancestral niche
conservatism. I hypothesize that because of their morphologies, especially the position of
the mouth, these species will exhibit similar foraging behavior and substrate preferences.

Methods
Buck Creek (Barren River drainage) and Butlers Fork (Green River drainage)
were selected for microscale substrate observations. Fish observations were performed in
November 2008 using the individual fish focal point method (Moyle and Baltz, 1985).
Observations were made by walking slowly up a stream in a zig-zag manner and
dropping markers at points where E. kantuckeense or E. lawrencei occurred. Water depth
was too shallow for snorkeling for the entire sampling segment. However, water clarity
was adequate for identifications based on morphological features. Fish markers were 25
mm diameter nuts with tied colored flagging (figure 16). At each marker, 10 random
substrate particles were selected within a 200 mm radius by placing a wading rod in the
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stream and choosing particles adjacent to the rod. Diameter (mm) was determined for
each particle, and bedrock and rocks with a diameter larger than 200 mm were defined as
200 mm prior to analysis. Silt, mud, and fine particles were defined as having a diameter
of 0.1 mm prior to analysis. Segments were sampled until all markers were distributed
(75) and were approximately 400-500m long.
Five equally spaced transects were established along equal points of the sample
segment to characterize random available microhabitat for each stream. At least one of
these transects occurred in a riffle, run, and a pool per stream. Along each transect, five
equally spaced points were chosen and 10 substrate particles were quantified using the
methods described above.
In order to test if the streams had similar available microhabitat for the fish to
select, a one-way Kruskal-Wallis test was performed using SYSTAT 11.0 on the means
of the random transect particle measurements. Prior to analysis, these measurements were
log(x+1) transformed, although normality was not achieved. Similarly, for each stream a
one-way Kruskal-Wallis test was performed using SYSTAT 11.0 to determine if there
was a difference in the means of the fish focal point measurements vs. the means of the
random point measurements. Finally, a one-way Kruskal-Wallis test was used to
determine if there was a difference in the habitat used by these two species.
In order to characterize which substrate groups were over or under utilized within
the study segments by these fishes, the measurements were assigned different categories
based on their diameters. Category breakdowns were every 20 mm from 1-200 mm and
the two end categories (<1 mm = sand/silt and 200 mm = bedrock). Pearson ChiSquared Goodness of Fit tests were performed to compare category abundances for the
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following groups: fish focal points and random points within each stream, random points
between the streams, and fish focal points between the streams. Due to expected values
being less than 5 for some categories and the relatively large size of the data sets
(computing Fisher’s exact value with large data sets requires extensive computer
memory), a Monte Carlo estimate of Fisher’s exact significance value was determined for
each chi-square test using 100,000 sampled tables. All chi-square statistical tests were
performed using SPSS 13.0.

Results
The results of the Kruskal-Wallis tests are presented in tables 5-7. There was no
significant difference in random substrate measurements between the two streams. There
was a significant difference in measurements at the fish focal points and measurements at
the random points for both species. There was also was a significant difference in the
mean diameters between the focal points for the two species.
Substrate categories sampled for each focal point per stream (fish or random
point) are presented in figures 17-20, and the results of the chi-square tests are presented
in tables 8-11. Both Buck Creek and Butlers Fork have predominately bedrock substrates
(42% bedrock for Buck Creek and 61% bedrock for Butlers Fork at random points). For
both creeks, the second most common substrate after bedrock found at random points was
small gravel (1-20mm diameter). Random points sampled on Butlers Fork had a slightly
higher amount of fine sediment (17% silt and sand substrates) than those for Buck Creek
(6%). For E. kantuckeense, the most abundant substrate categories for fish focal points
was 1-20 mm diameter gravel (48%) followed by 20-40 mm diameter gravel (35%),
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while for E. lawrencei, the most abundant category was bedrock (41%) followed by 1-20
mm diameter gravel (39%).
There was no significant difference in the average substrate diameter between the
two streams. However, there was a significant difference in the mean substrate diameters
between fish focal points and random points for both streams. There was also a
significant difference in mean substrate diameters in habitats used by the two species.
Conversely, the chi-square test results show that there was a significant difference in the
abundances of the different substrate categories for random points between the streams.
The other chi-square tests (random and observed points for each stream and observed
points between the streams) were significant and in agreement with the Kruskal-Wallis
tests.

Discussion
Both statistical analyses showed that there was a difference in the substrates being
used by both species and the random substrates available in each stream. Mean substrate
diameter decreased at fish focal points compared to random points, which shows that
both species were associating with microhabitat patches with smaller substrates than
would be explained by chance. Trends in abundance changes between random points and
fish focal points were similar for the two species. E. lawrencei had an increase in small to
coarse gravel abundance (18% to 39% for 1-20 mm diameter gravel and 1% to 5% for
21-40 mm diameter gravel) and a decrease in bedrock and fine sediment substrate
abundance (61% to 41% for bedrock and 17% to 6% for fine sediment) when compared
to random points. E. kantuckeense showed similar results (30% to 48% for 1-20 mm
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diameter gravel, 13% to 35% for 21-40mm gravel, 42% to less than 1% for bedrock, and
6% to less than 1% for fine sediment). E. kantuckeense also had an increase in cobble
substrate abundance (7% to 11% for 41-60 mm diameter substrate) when compared to
random points. Therefore, both species have a positive association with small to coarse
gravel and a negative association with bedrock and depositional habitats. Due to the
nature of stream substrate partitioning, there is some correlation between these substrate
categories with each other (i.e. a point with 21-40 mm diameter rocks will also tend to
have 41-60 mm diameter rocks). Thus, it cannot be said with certainty if these fish are
utilizing rocks 21-40 mm diameter or if these rocks are more common in sections with 120 mm diameter rocks. Observational studies and/or artificial stream habitat preference
studies could elucidate which substrates are actually being selected for by these species.
The disagreement in the significance values of the statistical tests performed on random
points between the two streams likely is a result of the influence of the bedrock substrates
within the data sets. When comparing the mean substrate diameter, bedrock has the
largest value (counted as 200 mm in analysis), which when present in high numbers may
serve as a buffer to differences in the other diameters. The end effect would be a
reduction in variation between the streams, which would lead to a non-significant pvalue. However, with the chi-square test, all the means are weighted the same (a rock
with a 5 mm diameter counts the same as a bedrock with a 200 mm diameter). So, the
results of the chi-square test showing that these two streams are categorically different in
available random habitat is more trustworthy than the results of the Kruskal-Wallis test
showing that there is no difference in available habitat between these streams. From a
point of simple observation, there was a slight difference in the substrate partitioning
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within the streams at this scale of analysis. In the segments sampled, Buck Creek had
large patches of gravel and cobble (roughly 5-10 m diameter patches), while Butlers Fork
only had small patches of gravel and cobble (roughly 1-2 m diameter patches).
Both analyses show that substrates at fish focal points were different, yet because
available random habitats varied between the streams, these results cannot indicate a
significant difference for microhabitat associations for the two species. The majority of E.
kantuckeense and E. lawrencei focal points were in those gravel/cobble patches, however
a number of E. lawrencei observations included bedrock associations because of the
smaller size of the habitat patch. Focal points in smaller patches had a higher chance of
being edge focal points, with subsequent substrate measurements usually including
bedrock. This led to the disparity between bedrock associations for the two species (<1%
and 41%), and is likely not indicative of a preference of E. lawrencei for bedrock
substrate (further confirmed by the decrease in bedrock association than would be
explained by chance for this stream).
Both species are substrate specialists which prefer small to coarse gravel of 1-40
mm diameter. They also both avoid bedrock and fine sediment habitats. Because the
substrate arrangement was slightly different in the two survey streams, a direct
comparison of microhabitat preference between the species was inconclusive. However,
because they both exhibited similar trends when comparing observed to random habitat,
it is likely that there is not an ecological meaningful difference in the microhabitat
preference of these two species.
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Figure 22. Microhabitat markers in Butlers Fork (Green River drainage)

Table 5. Kruskal-Wallis test results for a difference in
available random substrate measurements (mm diameter)
between Buck Creek and Butlers Fork.

Creek
N
Buck
250
Butlers 250

Mann-Whitney U test statistic
29109.5

p
0.154
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Table 6. Results of the Kruskal-Wallis test for a difference between substrate
measurements (mm diameter) at random and fish focal points in Butlers Fork and
Buck Creek.

Creek
Butlers
Butlers
Buck
Buck

focal point
E. lawrencei
Random
E.kantuckeense
Random

n
660
250
730
250

Mann-Whitney U test statistic
74456.5

p
0.017

62366

<0.001

Table 7. Results of the Kruskal-Wallis test for a difference in substrate measurements
(mm diameter) at fish focal points for E. lawrencei and E. kantuckeense.

Species
E. lawrencei
E. kantuckeense

n
730
660

Mann-Whitney U test statistic
194922.5

p
<0.001
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Figures 23-26. Substrate category abundances for random and fish focal points in the study streams.
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Table 8. Abundances in substrate categories for fish focal points and random points in Buck Creek (E. kantuckeense) accompanied by chi-squared statistical
test results.

Buck Creek
Fish focal point
Random point
Total

Pearson Chi-Square1
Likelihood Ratio
Fisher's Exact Test

<1
1
14
15

1-20
353
75
428

value
392.005
376.111
366.975

21-40
258
33
291

41-60
79
17
96

df
9
9

61-80
22
3
25

81-100
7
2
9

Asymptotic Sig.
<0.001
<0.001

101-120
6
2
8

121-140
2
0
2

141-160
2
0
2

200+
0
104
104

Total
730
250
980

Monte Carlo Sig.

99% C.I. upper limit

99% C.I. lower limit

<0.001

<0.001

<0.001

1 – 7 cells with exp<5, min.
exp=0.51
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Table 9. Abundances in substrate categories for fish focal points and random points in Butlers Fork (E. lawrencei) accompanied by chi-squared statistical test
results.

Butlers Fork
Fish focal point
Random
Total

Pearson Chi-Square1
Likelihood Ratio
Fisher's Exact Test

<1
37
43
80

1-20
260
45
305

Value
90.102
96.495
90.278

21-40
33
3
36

41-60
14
0
14

df
10
10

61-80
15
2
17

81-100
12
1
13

Asymptotic Sig.
<0.001
<0.001

101-120
13
1
14

121-140
0
1
1

141-160
3
1
4

161-180
3
1
4

200+
270
152
422

Total
660
250
910

Monte Carlo Sig.

99% C.I. upper limit

99% C.I. lower limit

<0.001

<0.001

<0.001

1 – 10 cells with exp<5,
min. exp=0.27
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Table 10. Abundances in substrate categories for random points in the two study streams, accompanied by chi-squared statistical test results.

Random Points
Buck Creek
Butlers Fork
Total

<1
14
43
57

Pearson Chi-Square1
Likelihood Ratio
Fisher's Exact Test

1-20
75
45
120

21-40
33
3
36

Value
77.121
89.963
84.019

41-60
17
0
17

df
10
10

61-80
3
2
5

81-100
2
1
3

Asymptotic Sig.
<0.001
<0.001

101-120
2
1
3

121-140
0
1
1

141-160
0
1
1

161-180
0
1
1

200+
104
152
256

Total
250
250
500

Monte Carlo Sig.

99% C.I. upper limit

99% C.I. lower limit

<0.001

<0.001

<0.001

1 – 12 cells with exp<5,
min. exp=0.5
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Table 11. Abundances in substrate categories for fish focal points in the two study streams, accompanied by chi-squared statistical test results.

Fish Focal Points
Buck Creek
Butlers Fork
Total

<1
1
37
38

Pearson Chi-Square1
Likelihood Ratio
Fisher's Exact Test

1-20
353
260
613

21-40
258
33
291

Value
545.892
688.567
676.032

41-60
79
14
93

df
10
10

61-80
22
15
37

81-100
7
12
19

Asymptotic Sig.
<0.001
<0.001

101-120
6
13
19

121-140
2
0
2

141-160
2
3
5

161-180
0
3
3

200+
0
270
270

total
730
660
1390

Monte Carlo Sig.

99% C.I. upper limit

99% C.I. lower limit

<0.001

<0.001

<0.001

1 – 6 cells with exp<5,
min. exp=0.95
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Growth and Condition

Introduction
Variation in life history traits may arise in allopatric populations that have limited
gene flow due to influences of genetic drift. Genetic drift can be a major influence on fish
populations that are confined to headwater streams (Wofford et al., 2005). Either drift or
adaptation to slightly different local conditions can lead to differences in life history traits
in allopatric populations. Separate populations of brown trout have been found to have
different sizes and ages at maturity, which is thought to reflect local adaptations to
maximize fitness (Olsen and Vøllestad, 2005). Studies on Atlantic cod have also shown
that there was a genetic difference in growth rates between southern and northern
populations, however this effect was not seen in wild populations, which suggests
regional adaptation to different environmental conditions (Marcil et al., 2006).
Members of the Etheostoma spectabile species complex in Kentucky spawn in
March–May (Hubbs, 1985). Growth during the first year of life (in dry mg/day) is about
five times the rate of growth during the second year of life (Small, 1975).
Experimentally, juveniles have been shown to grow from a length of 6 mm to lengths of
around 18 mm within six weeks at temperatures common for spring in streams of
Kentucky (West, 1966). Individuals of E. spectabile from the Kentucky River Basin were
found to attain a mean SL of 46mm within their first year of life. During their second
year (cohort 1+), maximum growth (dry mg/day) occurred during the months of AprilAugust (5.9), followed by August-November (1.5), followed by November-April (0.6). In
addition, there was a maximum of three cohorts present during sampling (0+, 1+, and 2+)

61

62
(Small,1975). Sexual maturity is attained by the following spring after hatching, and the
smallest sexually mature fish observed for E. lawrencei was a 28 mm female (Ceas and
Burr, 2002).
The purpose of this section of the study was to compare growth for E.
kantuckeense and E. lawrencei over the course of 12 months to determine if there is
variation in this life history trait. I hypothesized that there may be between-species
variation in this trait because it might not be as conserved as habitat preference traits,
allowing for differences to accumulate.

Methods
Buck Creek (Barren River drainage) was sampled monthly from August 2007–
March 2008 and May 2008-August 2008 for E. kantuckeense, while Butlers Fork (Green
River drainage) was sampled monthly from September 2007–March 2008 and May
2008–August 2008 for E. lawrencei. For a detailed description and comparison of these
streams, please refer to the methods section of the reach-scale chapter. Streams were
sampled for a total of 540 seconds using a custom built backpack electroshocker
(University of Wisconsin, Madison, WI, USA) (September–March) and a Smith-Root
backpack electroshocker (Vancouver, WA, USA) (June–August). Surveys in May were
performed by seining for 30-45 minutes per stream with a 3.05m * 1.83m seine with a
0.48cm mesh size.
Standard length of individuals was measured in the field using a ruler or calipers
to the nearest mm and weight was measured using a digital scale to the nearest 0.01 g. A
random subsample of individuals was kept on ice for each species during collections
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made from May 2008-August 2008 for otolith processing for age class verifications. All
other individuals were released after length and weight processing.
Whole section otoliths were chosen for age verification because these readings are
more reliable than scale readings and not significantly different from sectioned otolith
readings for darters (Beckman, 2002). Whole section otoliths were examined under a
compound microscope to locate winter rings. Age classes for fish lacking otolith readings
were defined by analyzing the standard lengths for each month for normally distributed
populations. Individuals that had a standard length that fell in an overlap of age class
populations and lacked otolith readings were randomly assigned to one of the populations
by flipping a coin (7 out of 401 individuals for E. kantuckeense and 1 out of 226
individuals for E. lawrencei).
Analysis for growth was conducted on individuals that were in cohort 0+ in
September 2007 (hereafter referred to as cohort A) because this cohort had the largest
sample size across months for both species. Standard length (mm) was log transformed
prior to statistical analysis. For growth analysis, only months which contained individuals
of this cohort for each species were included (September 2007-March 2008; May 2008August 2008). The sampling event in September (9/25/07) was defined as day 1, and the
days of growth for each subsequent sampling event was determined using this reference
point. To determine differences between the populations, an ANCOVA was run in
SYSTAT 11.0 using loglength as the dependant variable, species as the factor, and days
as a covariate.
Condition factors were calculated for individuals that were in cohort A, using the
Fulton-type condition factor equation: K = 100,000(weight(g))/(SL(mm))3 (Williams,
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2000). Total weight was used in place of eviscerated weight due to limitations in the field
and to minimize take, maintaining a healthy population within the reaches sampled for
the entire year. Any effects from seasonal gonadal development or stomach contents on
the total weight were expected to be mitigated by the sample size (N = 169 for E
kantuckeense and N = 177 for E. lawrencei). Prior to statistical analysis, condition factors
were log (x+1) transformed. An ANOVA was performed using SYSTAT 11.0 to
compare means of log(K+1) for the two species for all individuals of cohort A that were
sampled from September 2007-July 2008. To determine if there was a seasonal difference
in condition factors between the two species, an ANCOVA was performed with log(K+1)
as the dependant variable, species as the factor, and days as a covariate.

Results
Figures 21 and 22 show the standard lengths of the different cohorts through time
for each species. A maximum of three different cohorts were found to occur
simultaneously during sampling (0+, 1+, and 2+, with age class advancement in April),
and otolith readings confirmed these three age groups. Individuals in cohort 2+ were rare
for E. kantuckeense and absent for E. lawrencei. The maximum length recorded for
Etheostoma kantuckeense was 67 mm and the maximum for E. lawrencei was 62 mm.
Table 12 shows the mean standard length, weight, and condition factor for
individuals that were in cohort A for each species. Both species had similar mean
standard lengths from September 2007 through February 2008. From March 2008
through July 2008, E. lawrencei had a slightly longer mean standard length than E.
kantuckeense. Condition factors were lowest for both species in fall and winter and
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highest in spring and summer, with the exception of E. lawrencei for the month of July,
which may be a result of a low sample size for that month (n=7). Average condition
factors for both species for all individuals of cohort A sampled from September 2007July 2008 are presented in Table 13. The results of the ANCOVA to determine any
seasonal differences in condition factors are presented in table 14.
The results of the ANCOVAs for loglength for the months of September 2007July 2008 and the months of September-February are presented in Table 15. There was a
difference in the results of the analysis depending upon whether the months of MarchJuly were included or not. Therefore, there was a significant difference in the average
lengths of the two populations during this time.

Discussion
The cohort structure seen within these streams suggest that individuals will have
at most two reproductive events within their life cycle. The structure also suggests that
most individuals will live to a maximum of 2+ years in the study streams, and that
individuals in their third year of life are relatively rare. It is likely that there might be
three coexisting cohorts found in the Butlers Fork population (E. lawrencei) even though
only two were found in this study. Most life history studies for E. spectabile have found
three co-existing cohorts, including studies of E. lawrencei (Small, 1975; Ceas and Burr,
2002). However, because individuals in their third year appear to be relatively rare, the
presence of three cohorts may differ seasonally with mortality/recruitment rates.
The condition factors for both species varied in the same manner seasonally for
individuals of cohort A. Both species had lower condition factors in the months of
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September-February, and higher condition factors from March-June. Some of this
difference is probably due to gonadal development during breeding, however the rest of
the difference is likely due to warmer temperatures, which could lead to more foraging
activity and/or a difference in prey availability/quality. Because there was no difference
in condition factors between the species, individuals of the same lengths would also have
relatively the same weight. This means that both species retain a similar body shape and
assimilate energy in a similar manner. Body form and bioenergetics are likely highly
conserved traits, and a longer evolutionary time is most likely needed to produce
significant changes.
The difference in lengths between the species for cohort A is due to samples from
March-July 2008. During these months, the average standard length for E. lawrencei was
larger than the average for E. kantuckeense, which suggests that E. lawrencei had a faster
growth rate during these months. This could be the results of either emigration of larger
fish of this age class from the study reach for E. kantuckeense or an actual difference in
growth over this time. A difference in growth rates during this time could be caused by a
water temperature difference, a difference in prey availability/quality, a difference in
intraspecific or interspecific competition for prey, or a combination of these and other
factors. Growth rates of different fish populations have exhibited phentotypic plasticity in
studies across a wide group of families. Because lengths were very similar for these two
species for the first six months of the survey, in addition to similar condition factors for
all lengths, the differences seen in lengths from March-July most likely represents
environmental differences rather than genetic differences between the species. Microscale
habitat analysis (chapter 4) showed differences in substrate composition of the two study
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reaches. Although these reaches were fairly similar, no two streams are identical, and the
difference in substrate may reflect a slight difference in the prey/macroinvertebrate
population.
A competing hypothesis is that there is a genetic difference in growth between
these populations and this difference was only perceived during periods of more rapid
growth. Because spring and summer were the months of the most rapid growth (at least 4
times as fast as other seasons according to Small (1975)), any genetic differences would
be more pronounced during this time. In addition, because there was no difference in
condition factors between the populations during these months, any genetic differences
likely represent a behavioral instead of physiological factor.
Growth represents a difficult life history trait to compare between populations
because of the multiple factors involved. While genes play a role, there are also
environmental effects, population effects such as density dependence, and other
numerous factors. Therefore further growth analysis coupled with molecular comparisons
is needed to determine the effect genetic drift has had upon this life history trait.
The results of this analysis suggest that body form and assimilation of energy is
conserved. They also suggest that longitudinal growth rates are likely conserved,
however differences in standard length between the populations for the spring and
summer may represent a genetic difference or environmental and/or population dynamics
differences. Although further work is needed to be entirely certain, it appears that the
effect of genetic drift upon these traits is minimal.
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Figure 27. Standard lengths through time for E. kantuckeense. The size of the square indicates the
number of individuals at that length.
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Figure 28. Standard lengths through time for E. lawrencei. The size of the square indicates the number of
individuals at that length.
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Table 12. Average condition factors for both species for the months of
September 07 - July 08. ANOVA results: df = 1, F-ratio < 0.001, p = 0.997.

species
E. kantuckeense
E. lawrencei

mean K
0.860
0.867

N
169
177

Table 13. ANCOVA results for differences in condition factor for cohort A of
E. kantuckeense and E. lawrencei for all months (species), differences in
condition factors across seasons regardless of species (days), and differences in
seasonal responses in condition factor between the species (species*days).

variable
species
days
species*days

df
1
1
1

F-ratio
1.018
87.488
0.048

p
0.314
<0.001
0.827

Table 14. Mean standard length (SL), weight, and condition factor (K) for cohort A of E. kantuckeense and E. lawrencei over 13
months of sampling. * = individuals not included in ANCOVA analysis because no individuals of this cohort were found for E.
lawrencei for this sampling event. ** = less than 5 individuals of this cohort were sampled for this month.

species
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense
E. kantuckeense

date

days

SL(mm)

weight(g)

K

N

8/10/2007
9/25/2007
10/30/2007
11/27/2007
12/11/2007
1/24/2008
2/9/2008
3/27/2008
5/22/2008
6/11/2008
7/18/2008
8/28/2008

*
1
36
64
78
122
138
185
241
261
298
*

31.60
34.95
37.54
40.89
40.09
42.70
44.15
40.57
42.87
44.83
47.73
48.77

0.31
0.33
0.41
0.62
0.54
0.68
0.79
0.70
0.85
0.79
1.01
1.07

0.97
0.74
0.76
0.89
0.82
0.85
0.90
1.05
1.07
0.87
0.92
0.92

5
21
28
9
23
20
13
7
15
18
15
13

species
E. lawrencei
E. lawrencei
E. lawrencei
E. lawrencei
E. lawrencei
E. lawrencei
E. lawrencei
E. lawrencei
E. lawrencei
E. lawrencei

date

days

SL(mm)

weight(g)

K

N

9/25/2007
10/30/2007
11/27/2007
12/11/2007
1/24/2008
2/9/2008
3/27/2008
5/22/2008
6/11/2008
7/18/2008

1
36
64
78
122
138
185
241
261
298

34.92
37.52
39.73
42.63
**
44.58
46.80
47.71
52.35
49.50

0.36
0.39
0.55
0.66
**
0.89
1.10
1.07
1.37
0.90

0.83
0.73
0.88
0.86
**
0.97
1.06
0.98
0.95
0.74

36
46
15
8
0
12
20
17
17
6
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Table 15. ANCOVA results for length of individuals of cohort A between E. kantuckeense and E.
larencei.

months variable
Sep07- species
Feb08 days
species*days

df
1
1
1

F-ratio
0.13
242.29
1.19

p months variable
0.724 Sep07- species
<0.001 July08 days
0.278
species*days

df
1
1
1

F-ratio
4.59
636.36
36.51

p
0.033
<0.001
<0.001
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Overall Conclusions
Both E. kantuckeense and E. lawrencei occupy similar upstream, headwater streams
within their respective watersheds. Study populations of both species exhibited a
preference for run habitat within a stream segment, especially during cooler months (fall
and winter). Both species selected substrate within the study streams and had a positive
association with small to coarse gravel (1-40 mm) and a negative association with
bedrock and fine sediment. Year-round condition factors and growth from fall through
winter were similar in the study populations. Because of all of these similarities, this
study suggests that the ecology of these two sister species has not diverged in a
measurable amount following speciation. Therefore sexual selection and genetic drift are
likely the mechanisms behind the genetic variation of these species. Because of the
sexually dimorphic characters and the similarity in growth traits, sexual selection
probably played a larger role than genetic drift in the speciation process.
These results also support the assertion that niche conservatism maintained
isolation of separate populations in these two watersheds, allowing sexual selection and
genetic drift to create genetic divergence. The ecological traits shown in this study
reinforce isolation of populations in headwaters. Larger streams tend to have more pool
habitat, increased deposition of fine sediment, and less small gravel, all of which have a
negative association with these species. These ecological barriers are reflected in the
results of the canonical correspondence analysis, showing that these species are indeed
confined within headwater streams. The inability to disperse across ecological barriers
because of the ecological traits shown by this study likely prevented gene flow between
the drainages over the course of speciation.
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Appendix 1. Locality information for survey streams included in watershed scale analysis.
A. Upper Barren River Streams

Subbasin

Code

Location

County

Stream name

Drakes Creek

11.5

Rte. 622, 9.5 km N Gold City

Warren

W. Fk. Drakes Cr.

11.6

Saddler Ford Rd., 4 km SE Woodburn

Simpson

W. Fk. Drakes Cr.

11.7

Rte. 585, 8 km ENE Franklin

Simpson

Lick Creek

11.8

Lake Spring Rd., 4 km S Franklin

Simpson

Sharps Br., W. Fk. Drakes Cr.

36.6846

-86.5735

9.2

11.9

Whites Church Rd., Drake

Warren

M. Fk. Drakes Cr.

36.8266

-86.4085

324.3

11.10

Perrytown Rd., 7 km NE Gold City

Allen

M. Fk. Drakes Cr.

36.7071

-86.3752

124.0

11.11

New Roe Rd., 7 km W Adolphus

Allen

M. Fk. Drakes Cr.

36.6572

-86.3409

83.6

11.12

Horseshoe Bend Rd., 8 km SSW Halfway

Allen

Hams Br., M. Fk. Drakes Cr.

36.7715

-86.3818

10.8

11.13

New Roe Rd., 7 km W Adolphus

Allen

unnamed trib., M. Fk. Drakes Cr.

36.6565

-86.3451

6.7

11.14

Eubanks Ford Rd., 15 km NE Portland, TN

Allen/Simpson

Sulphur Fk. Cr.

36.6924

-86.4143

82.3

Bays Fork

Latitude

Longitude

Basin area (km2)

36.838

-86.4227

525.2

36.8069

-86.5108

418.5

36.7396

-86.4869

27.3

11.15

Pleasant Hill Rd., 14 km ESE Franklin

Simpson

Mays Br., Sulphur Cr.

36.6743

-86.4257

15.8

11.16

Mt. Lebanon Rd., Alvaton

Warren

Trammel Fk., Drakes Cr.

36.8704

-86.3685

350.2

11.17

Rte. 585, 9 km W Scottsville

Allen

Trammel Fk., Drakes Cr.

36.7397

-86.2898

252.4

11.18

Squire Liles Rd., 3 km SSW Halfway

Allen

Johns Cr.

36.7659

-86.3072

20.4

11.19

New Buck Creek Rd., 9 km SW Scottsville

Allen

Buck Cr.

36.7110

-86.2806

22.6

11.20

Concord Church Rd., 9 km S Scottsville

Allen

Trammel Cr.

36.6766

-86.2187

81.8

11.21

Rte. 2106, 9 km S Scottsville

Allen

Snake Cr.

36.6792

-86.2132

12.6

11.22

Carter Church Rd., 12 km SSW Scottsville

Allen

Garrett Cr.

36.6625

86.2452

23.4

11.23

Adolphus

Allen

Little Trammel Cr.

36.6515

-86.2615

26.7

12.1

Rte.234, 15 km NE Alvaton

Allen/Warren

Bays Fk., Barren Rv.

36.9036

-86.2349

209.8

12.2

Mitchell-Weaver Rd., 4 km NNE Halfway

Allen

Bays Fk., Barren Rv.

36.8285

-86.2847

124.3

12.3

Rte. 2106, 2 km S Scottsville

Allen

W. Bays Fk., Barren Rv.

36.7361

-86.1913

32.2

12.4

Halifax-Settle Rd., 9 km NE Halfway

Allen

Sulphur Creek

36.8581

-86.2336

22.1

Little Difficult Creek

13.1

Rte. 1533, 16 km N Scottsville

Allen

Little Difficult Cr.

36.8948

-86.2056

22.3

Buck Creek

14.1

Berry Store Rd., 16 km NW Austin

Barren

Buck Creek

36.9339

-86.1315

25.5
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B. Upper Green River Streams
Subbasin

Code

Location

County

Stream name

Latitude

Longitude

Lynn Camp Creek

1.1

Rte.569, 15 km WNW Summersville

Hart

Lynn Camp Cr.

37.3521

-85.7102

77.3

1.2

Die-Shiboley Rd., 24 km NW Greensburg

Hart

Lynn Camp Cr.

37.4052

-85.7039

19.5

2.1

J. T. Ward Rd., 8 km SW Greensburg

Green

Little Russell Cr.

37.2242

-85.5703

24.6

Little Russell Creek
Big Brush Creek

Big Pitman Creek

Little Barren River

Basin area (km2)

3.2

end of Rte. 323, 7.5 km W Summersville

Green

Big Brush Cr.

37.3338

-85.6362

201.5

3.3

Rte.569, 8 km WNW Summersville

Green

Big Brush Cr.

37.3435

-85.6234

116.9

3.4

Rte. 61, 8 km NW Summersville

Green

Big Brush Cr.

37.3826

-85.5979

92.8

3.5

Rte. 61, 10 km NW Summersville

Green

Brush Cr.

37.3909

-85.6101

40.5

3.7

Union-Church Rd., 14 km SE Buffalo

Taylor

Poplar Grove Br.

37.4338

-85.5714

11.1

3.8

Union-Church Rd., 14 km SE Buffalo

Green

Upper Brush Cr.

37.4311

-85.5849

14.7

3.9

Doc Ward Rd., 5 km WNW Summersville

Green

Little Brush Cr.

37.3342

-85.5913

63.8

4.1

Narrows of Pitman, 6 km S Summersville

Green

Big Pitman Cr.

37.2731

-85.5530

350.9

4.2

Rte. 61, 3 km SE Summersville

Green

Big Pitman Cr.

37.3048

-85.5272

331.4

4.3

Rte. 793, 4 km ESE Summersville

Green

Little Pitman Cr.

37.3181

-85.5018

82.6

4.4

Rte. 323, 3 km W Campbellsville

Taylor

Little Pitman Cr.

37.3470

-85.3897

53.6

4.5

Rtes. 210/3183, 2 km NE Campbellsville

Taylor

Little Pitman Cr.

37.3515

-85.3749

33.2

4.6

Roy Chaudoin Rd., 3 km E Summersville

Green

Big Pitman Cr.

37.3325

-85.5070

217.1

4.7

Rte. 323, 8 km NE Summersville

Taylor

Big Pitman Cr.

37.3614

-85.4675

151.2

4.9

Rte. 323, 5 km NW Campbellsville

Taylor

Middle Pitman Cr.

37.3590

-85.4067

64.2

5.2

Rte. 88, 16 km WSW Greensburg

Green

Little Barren Rv.

37.2263

-85.6774

650.4

5.3

Rte. 218, 9 km N Sulphur Well

Green

Little Barren Rv.

37.1700

-85.6474

606.3

5.4

Rte. 70, Sulphur Well

Metcalfe

S. Fk. Little Barren Rv.

37.1004

-85.6343

262.2

5.5

Beechville-Little Barren River Rd., 2 km NW Beechville

Metcalfe

S. Fk. Little Barren Rv.

37.0713

-85.6485

240.0

5.6

Rte.543, 2 km Sw Beechville

Metcalfe

S. Fk. Little Barren Rv.

37.0430

-85.6408

217.0

5.7

Rte. 1243, 6 km NW Edmonton

Metcalfe

S. Fk. Little Barren Rv.

37.0338

-85.6563

192.6

5.8

Rte. 533, nr. Edmonton

Metcalfe

S. Fk. Little Barren Rv.

36.9738

-85.6030

12.5

5.9

U. S. 68/Rte. 70, 3 km E Sulphur Well

Metcalfe

E. Fk. Little Barren Rv.

37.1011

-85.5992

217.9
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Subbasin

Code

Location

County

Stream name

Latitude

Longitude

Basin area (km2)

Russell Creek

6.1

at/near mouth

Green

Russell Cr.

37.2238

-85.5114

749.3

6.2

New Hope Rd., 9 km S Greensburg

Green

S. Fk. Russell Cr.

37.1798

-85.4936

22.0

6.3

Russell Creek Rd., 11 km SE Greesnburg

Green

Russell Cr.

37.1696

-85.4348

682.0

6.4

Rte.80, Gradyville

Adair

Big Cr.

37.0624

-85.4295

36.8

6.5

nr. Rte.768, Milltown

Adair

Russell Cr.

37.1242

-85.4044

492.9

6.6

Rte.80, Bliss

Adair

Butlers Fk.

37.0810

-85.3725

14.2

6.7

Rte.61, 3.5 km W Columbia

Adair

Pettys Fk.

37.0974

-85.3340

71.5

6.8

Rte. 767, 7 km NE Bliss

Adair

Russell Cr.

37.1284

-85.3236

347.9

6.9

nr. Rte.206, 1 km E Columbia

Adair

Russell Cr.

37.1053

-85.2883

309.9

83

84
Appendix 2. Species codes for figure 7.

Code
APGR
AMRU
AMNA
CAOL
CACO
COCA
CYSP
CYWH
CYCA
DOCE
ERDI
ETBARR
ETBE
ETBL
ETCA
ETFL
ETKA
ETLA
ETMA
ETNI
ETRA
ETSQ
ETST
ETZO
FUCA
FUNO
GAAF
HYAM
HYNI
ICPU
LASI
LAAE
LEOS
LECY
LEMA
LEME
LUCH
LYFA
MIDO
MIPU
MISA
MODU
MOER
MOMA

Species
Aplodinotus grunniens
Ambloplites rupestris
Ameiurus natalis
Campostoma oligolepis
Catostomus commersonnii
Cottus carolinae
Cyprinella spiloptera
Cyprinella whipplei
Cyprinus carpio
Dorosoma cepedianum
Erimystax dissimilis
Etheostoma barrenense
Etheostoma bellum
Etheostoma blennioides
Etheostoma caeruleum
Etheostoma flabellare
Etheostoma kantuckeense
Etheostoma lawrencei
Etheostoma maculatum
Etheostoma nigrum
Etheostoma rafinesquei
Etheostoma squamiceps
Etheostoma stigmaeum
Etheostoma zonale
Fundulus catenatus
Fundulus notatus
Gambusia affinis
Hybopsis amblops
Hypentelium nigricans
Ictalurus punctatus
Labidesthes sicculus
Lampetra aepyptera
Lepisoteus osseus
Lepomis cyanellus
Lepomis macrochirus
Lepomis megalotis
Luxilus chrysocephalus
Lythrurus fasciolaris
Micropterus dolomieu
Micropterus punctulatus
Micropterus salmoides
Moxostoma duquesnei
Moxostoma erythrurum
Moxostoma macrolepidotum
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Code
NOAT
NOBO
NOPH
NORU
NOVO
NOELE
NOELU
PECA
PEMA
PINO
PHER
PYOL

Species
Notropis atherinoides
Notropis boops
Notropis photogenis
Notropis rubellus
Notropis volucellus
Noturus elegans
Noturus eleutherus
Percina caprodes
Percina maculata
Pimephales notatus
Phoxinus erythrogaster
Pylodictis olivaris

